Abstract: Ignorance of spatial structures in fisheries management may lead to unexpected risks of overexploitation. Based on the information about small yellow croaker (Larimichthys polyactis) off the coast of China, we simulated a fish population consisting of three subpopulations mixing at intermediate levels, which was considered in the "true" spatial structure of the population in this study. Three scenarios of population spatial structure were assumed in assessing and managing this simulated fishery: (i) metapopulation, which has the same structure as the "true" population; (ii) three independent subpopulations, which overlook the exchanges among the subpopulations; and (iii) unit population, which completely ignores the population spatial structure. Corresponding approaches were applied to assess and manage each of these assumed fish populations. The management time period was assumed to be 10 years with two harvesting levels (i.e., maximum sustainable yield (MSY) and f0.1). Assessing and managing the metapopulation as several independent populations could lead to a high probability of overexploitation. Managing the metapopulation as a unit population could lead to local depletion. Use of MSY as a management target may be risk prone in the existence of a metapopulation, and use of a fishing mortality lower than f0.1 as a management target is more desirable.
Introduction
A metapopulation is defined as a group of subpopulations in which local subpopulation dynamics are driven in part by dispersal from other subpopulations in the group (Hanski 1999) . Many studies suggest that metapopulations are common and their dynamics are strongly influenced by spatial attributes of habitat patches (Lindenmayer et al. 2001; Schtickzelle et al. 2005) , life history patterns, and distances and dispersal rates among local subpopulations (Sawchik et al. 2002; Curtis and Naujokaitis-Lewis 2008) .
In marine fisheries, two important factors should be considered when we evaluate impacts of exploitation on fish population dynamics: (i) population spatial structure resulting from dispersal and movement of fish in different life history stages (Dieckmann at al. 1999 ) and (ii) spatial dynamics of fishing efforts often resulting from spatial variability in population density (Botsford et al. 2009 ).
In most marine species, early life history is characterized by a planktonic larval stage. Because of the mainly passive nature of the larval stage, they are often carried over large distances by the dominant ocean currents (Shanks et al. 2003; Kinlan et al. 2005; Trakhtenbrot et al. 2005) . When the adult stage is predominantly sessile, larval dispersal is the main cause of spatial structure in marine populations. However, for many species the adult stage is actually more mobile than the larval stage. In such cases, this provides additional connectivity over a broad range of spatial scales, ranging from daily movement over metres to migrations over thousands of kilometres.
Many studies suggest that increasingly more marine fish populations should be considered as metapopulations, which are spatially structured and divided into several subpopulations mixing in intermediate levels (Kritzer and Sale 2004) . This implies that it is necessary to control the repartition of the fleets on different fishing zones based on known spatial structures and interactions among subpopulations in fisheries management (Mchich et al. 2006 ). However, in many cases spatial structures are often ignored, and fish populations are considered as single and well-mixed populations or identical and independent populations in assessment and management (Botsford et al. 2009 ), often leading to over-exploitation (Stephenson 1999) . The importance of considering spatial structure in the management of metapopulation fisheries was described in several studies (e.g., Hutchings 2000; Hutchinson 2008) . Heifetz and Quinn (1998) showed that it is critical to consider movement and spatial structures in management. Hart and Cadrin (2004) developed a metapopulation approach to assess the yellowtail flounder (Limanda ferruginea) fishery. Heath et al. (2008) developed a metapopulation model in the case of North Sea cod (Gadus morhua) and showed the importance of considering population spatial structure in the management. More studies are still needed to improve our understanding of impacts of population spatial structure on fisheries stock assessment and management.
Based on the information about the small yellow croaker, Larimichthys polyactis in China, we simulated a metapopulation consisting of three subpopulations with migrations among the subpopulations. We then evaluated consequences of ignoring fish population spatial structure in metapopulation stock assessment and management.
Materials and methods
The small yellow croaker is a bentho-pelagic fish species of family Sciaenidae, inhabiting coastal waters and estuaries (Seikai National Fisheries Research Institute 2001) . It supports important fisheries in Korea, Japan, and China. The species is widely distributed in the Bohai Bay and the Yellow and East China seas of the Northwest Pacific Ocean (Seikai National Fisheries Research Institute 2001). The small yellow croaker spawn pelagic eggs in spring, and its breeding grounds are located in the coastal area (Seikai National Fisheries Research Institute 2001) . A long pelagic larval phase is observed in the small yellow croaker, which implies the high dispersal ability of this species. However, the small yellow croaker migrates back and forth regularly, between their spawning ground (also their feeding ground) in shallower water and three overwintering grounds ( Fig. 1; Liu 1962) . Based on the studies of its spawning migration patterns and morphological variables, Liu (1962) and Ikeda (1964) suggested that three groups existed throughout the range of small yellow croaker (Fig. 1) . Molecular biology studies suggested weak but significant population genetic structures among the three subpopulations Lin et al. 2009 ). Weak genetic structures indicated the existence of gene flow but limited individual exchanges among the subpopulations. The early life history, migration routes, population spatial structure, and intermediate levels of individual exchanges among the subpopulations imply that the small yellow croaker population is a metapopulation. Thus, this species is a good candidate to evaluate the impacts of spatial structure on stock assessment and management.
For this study, it was assumed that the metapopulation of the small yellow croaker in China consisted of three subpopulations. The subpopulation in the East China Sea (subpopulation 1) was distributed in the area to the south of 30.5°N. The South Yellow Sea subpopulation (subpopulation 2) was located in the area between 30.5°N and 34.5°N. The North Yellow Sea and Gulf of Bohai subpopulation (subpopulation 3) was located in the area to the north of 34.5°N (Fig. 1) . We collected the yield (Chinese Fishery Yearbook Publishing House 2000 -2009 and scientific survey catch-per-unit-effort (CPUE) data (Lin et al. 2006; Lin 2009; Chinese Fishery Yearbook Publishing House 2000 -2009 for the small yellow croaker of the three subpopulations from 1999 to 2008. Owing to lack of reliable estimates, a constant migration rate was assumed based on the coastal current direction and speed in spring (Table 1 ; Li et al. 2000), because larval dispersal of this species with the China Coastal Current was considered to play a primary role in the formulation of their spatial structure Lin et al. 2009 ).
We simulated a metapopulation with three subpopulations and limited movements between the subpopulations. Although the fishery was simulated based on the information available on the small yellow croaker population, it should not be considered as exactly the same as the small yellow croaker fishery, because many key parameters had to be assumed. Nevertheless, such a simulated fishery with known spatial structure is sufficient for this study.
The "true" population structure assumed for the simulations was that of a metapopulation. Three spatial options were considered in the assessment and management: (i) metapopulation structure, which implies we "correctly" delineated the "true" spatial structure of the population; (ii) three independent subpopulations with no intersubpopulation mixing, which implies that we considered the separation of the three subpopulations, but ignored the migration among the three subpopulations; and (iii) unit population, which means we ignored the spatial structure existing in the "true" population. These three spatial options correspond to "correct", "partially correct", and "wrong" interpretation of the population spatial structure, respectively, in the assessment and management. Four steps were taken in evaluating the risk of ignorance Fig. 2 . The design of this study. Three spatial options were considered in the management: (i) metapopulation structure assuming that the spatial structure is correctly identified; (ii) three independent subpopulations ignoring the exchange among subpopulations; (iii) unit population ignoring the spatial structure. The parameters were estimated based on different spatial options and then used to estimate the harvest level. The harvest level was applied to the metapopulation (true population structure) to manage the fishery based on assumed spatial structures to generate annual yield and stock biomass data.
of the spatial structures in fisheries management (Fig. 2) . First, an operating model was developed to define the "true" dynamics and spatial structure of a target metapopulation. The operating model was fitted to the data of Chinese small yellow croaker fishery to estimate parameters for simulating "correctly" defined metapopulation dynamics. Second, random variability was added to the data generated from the first step to generate simulated "observed" data for the metapopulation. The population parameters were estimated for the respective three spatial options considered in this study. Corresponding management harvest control rules were developed. Third, these harvest rules were applied to manage the simulated fishery to generate a set of annual yield and stock biomass data. Finally, we used yield, population biomass, and stock status to compare managements based on different population spatial structures assumed in the assessment. In summary, we simulated a fishery with a defined spatial structure as a "true" fishery and tried to manage this fishery under the scenarios having perfect, partial, and wrong knowledge about the population structure. We compared the performance of management under these three scenarios to determine the importance of population spatial structure in fisheries assessment and management.
Operating model
The "true" population dynamics were simulated using a surplus production model with the consideration of migrations among the three subpopulations. The metapopulation structure likely results from larval transportation in their pelagic phase and adults in each subpopulation having migration routes that maintain isolation among subpopulations and result in limited mixing among adults of differing "home" populations. However, it is impossible to know the relative contributions of larval transportation and adult movements to the exchange of fish among the subpopulations. Thus, the ranges of exchange rates among subpopulations were assigned somewhat arbitrarily based on relative differences in coastal currents (Li et al. 2000) . For lack of information, the exchange rates were assumed to be density-independent.
The population dynamics of the metapopulation were given by the equation
where B i,t is the biomass of subpopulation i in year t; r i is the growth rate of subpopulation i; K i is the carrying capacity of subpopulation i; q i→j is the annual rate of movement from subpopulation i to j, describing the proportion of individuals moving out of subpopulation i to subpopulation j in a year; and C i,t is the catch of subpopulation i in year t.
The annual predicted CPUE of subpopulation i in year t, Û i,t , is calculated as
where q i is the catchability of subpopulation i; 3 is the normally distributed errors; s is the standard deviation of 3; and B i,t is defined as above. We estimated the parameters of the metapopulation (r, K, q, and B 0 ) by minimizing the following objective function:
where Û i,t is the predicted CPUE of subpopulation i in year t; U i,t is the observed CPUE of subpopulation i in year t; R is the total number of subpopulations; and T is the total number of years for which data were available.
Estimation model
For the metapopulation management option, we used the true parameters estimated using eqs. 1 to 3 to develop harvest control rules. For the three independent subpopulations management option, we estimated the parameters separately for each subpopulation as if they were the independent populations. The dynamics of each population can be described as
where K i is the carrying capacity of "population" i; and B i,t , r i , and C i,t are defined as above. Parameters were then estimated using eqs. 4, 2, and 3 for each subpopulation separately. For a unit population management option, we used the following equation to describe the population dynamics:
where B all,t is the "current population biomass" for all the three subpopulations treated as if they were a unit population in year t. The population parameters were estimated using eqs. 5, 2, and 3. Uncertainty can be incorporated in a surplus production model in different ways. One approach is to simulate parameters r and K from a given multivariate normal distribution defined by a vector of means and variance-covariance matrix of the parameters (see Bard 1974, p. 316 for the algorithm). Many studies suggest a negative correlation between r and K (Bell 1990; Underwood 2007) . We developed a variancecovariance matrix of r and K, with a correlation coefficient of -0.9 and the coefficient of variation (CV) of 10%. This is equivalent to the level of the correlation coefficient and CV in estimating r and K in the parameter estimation of this study when we fitted the production model to CPUE and catch data for the small yellow croaker. The variancecovariance matrix S was defined as
where s r is standard deviation of parameter r; s K is standard deviation of parameter K; and r is the correlation coefficient. One thousand pairs of normally distributed r and K values were then simulated using the variance-covariance matrix ( Fig. 3 ) as
where r s and K s are simulated r and K. This is similar to the approach used by Chen (1997) .
Harvest control rule
We developed the following harvest control rule to determine annual catch using the parameters estimated for the three different spatial structure options in the management. We set the biomass limit to be 0.25B MSY and the management target to be B MSY , where MSY is maximum sustainable yield. When the current biomass was higher than the management target, we used the calculated annual catch. If the current biomass was less than the target biomass but more than the biomass limit, we determined the next year's catch level as follows:
ðcurrent biomass À biomass limitÞ Â ðcatch target levelÞ=ðbiomass target À biomass limitÞ
If the current biomass was less than the biomass limit, the fishery was closed with no catch for the next year. For the metapopulation management option, we had to consider the movement among subpopulations. Thus, we calculated a Y t to describe the biomass used to decide the harvest level. Y t is the biomass at the beginning of the year plus the net immigration:
The annual catch was then determined based on the harvest control rule defined above. For the other two spatial structure options, we used the biomass at the beginning of each year to determine the annual catch level based on the defined harvest control rule. Many biological reference points can be used to determine total allowable catch (TAC) and catch level (Hilborn and Walters 1992; Quinn and Deriso 1999; Chen and Montgomery 1999) . In this study, we used MSY and f 0.1 to determine TAC (Chen and Montgomery 1999; Quinn and Deriso 1999) . For the three independent and unit population options, we used both to set target catch and compare their performance. In this case, MSY was calculated as 0.25r i K i (Hilborn and Walters 1992) . The f 0.1 was defined by Chen and Montgomery (1999) @CðEÞ @E where C(E) is the equilibrium yield corresponding to effort E (Punt 1993). From the above equation and eq. 4, f 0.1 can be calculated as f 0.1 = 0.45r (Chen and Montgomery (1999) . However, determining TAC for the metapopulation option was more complicated because it needs to consider subpopulation mixing. The MSY of non-metapopulation management is the equilibrium yield at B MSY (B MSY = 0.5K i ; Hilborn and Walters 1992) . The yield at B MSY is defined as the catch level at biomass supporting the highest population growth (Hilborn and Walters 1992) and leading to the next year's biomass equal to the last year's biomass. However, the equilibrium yield at B MSY in the metapopulation option is not the same as the maximum equilibrium yield (Fig. 4 ). This can be described as
When B MSY of 0.5K i is input into the above equation, the yield at B MSY becomes Fig. 4 . The two levels of total allowable catch used in the metapopulation management. The equilibrium catch level at BMSY is the point "a". The catch level at maximum growth (equilibrium point at slope equal to 0) of a subpopulation is point "b". Gt (panel a) is the growth of the subpopulation in 1 year when the biomass of the subpopulation in the beginning of the year equals it in the end of the year. Bt is the biomass at the beginning of the year. The line labeled "EM" is the emigration of target subpopulation. The line labeled "IM" is the immigration from other subpopulations to the target subpopulation. Gt + IM -EM (panel b) is used to design the catch level for metapopulation management. Fig. 3 . The plot of 1000 pairs of r and K simulated from a multivariate normal distribution with correlation coefficient between r and K of -0.9 (based on the parameters of subpopulation 1).
The maximum equilibrium yield (Fig. 4) can be defined as
where C e,i is the yield leading to the next year's biomass equal to the last year's biomass, which is the same as eq. 11. From eqs. 8 and 10, the equilibrium can be determined as
The estimation of f 0.1 for the metapopulation option is also complicated and could not be simply determined as 0.45r. Because the fishing mortality at MSY level is 0.5r (Quinn and Deriso 1999; Chen and Montgomery 1999) , we used 90% of the harvest level at B MSY as the catch level for the metapopulation option using f 0.1 as biological reference point (Chen and Montgomery 1999) .
Simulation of the management
The harvest rules, derived above, were applied to manage the simulated fishery. For the metapopulation and three independent subpopulation options, the harvest level of each year and dynamics of subpopulations were estimated with the harvest control rules. For the unit population option, the fleet dynamics were also considered, with the allocation of fishing effort and TAC among the three subpopulations being determined based on the relative difference in CPUE among the three fishing areas targeting the three subpopulations. The proportion of TAC of subpopulation i in year t was determined as
where U i,t is the observed CPUE of subpopulation i in year t; and R is the total number of the subpopulations. This implies that fishermen are mobile and have knowledge about the performance of other fishermen and where the fish are located (Hilborn and Walters 1992; Wilson et al. 1999) . We used 10 years as management time period in this study, which is long enough to address the objective of this study.
Simulation scenarios
To evaluate risks of ignoring fish population spatial structure, we developed various simulation scenarios in this study (Table 2) . Scenarios 1, 2, 3, 4, 7, 10, 13, 16, 19, 22, and 25 were based on the assumption that the population was managed under the metapopulation option (i.e., assumed spatial Note: B MSY is the management target for annual biomass catch, where MSY is maximum sustainable yield (see Fig. 4 ); CV is coefficient of variation. Exchange rate is compared with the base case rate defined in Table 1. structure in the assessment is correct); Scenarios 5, 8, 11, 14, 17, 20, 23, and 26 assumed that the population was managed under the three independent subpopulations option (i.e., assumed spatial structure does not consider movement among the subpopulations); and Scenarios 6, 9, 12, 15, 18, 21, 24, and 27 assumed that the population was managed under the unit population option (i.e., no spatial structure was assumed in the assessment; Table 2) . Scenarios 1 to 6 were used to test the TAC-based management with catch being set at MSY. Different biological references in the simulation were assumed as the MSY in the metapopulation management. MSY was calculated based on B MSY for Scenarios 1 and 3 (Fig. 4) , and MSY was calculated at equilibrium point with the slope of 0 for Scenarios 2 and 4 (Fig. 4) . For the other scenarios (i.e., 5 and 6), MSY was calculated based on B MSY . Scenarios 1 and 2 were the control scenarios without consideration of uncertainty (Table 2) .
Scenarios 7 to 12 were used to evaluate different levels of uncertainty. Scenarios 7 to 9 used 5% of CV and Scenarios 10 to 12 used 20% of CV for parameters r and K to simulate the uncertainty (Table 2) .
Scenarios 13 to 18 were used to evaluate different levels of exchange rate. Scenarios 13 to 15 used 0.5 times the exchange rates for the base case described (Table 2) , and Scenarios 16 to 18 used 1.5 times the exchange rates for the base case (Table 2) .
Scenarios 19 to 27 were used to test different catch levels. Scenarios 19 to 21 used a relative robust fishing mortality level f 0.1 (Chen and Montgomery1999) . Scenarios 22 to 24 used a low catch level (0.5 × MSY), and Scenarios 25 to 27 used a higher catch level (1.5 × MSY).
Results
The mean values of parameters for the three spatial structure options were summarized (Table 3 ). The B 0 and K values in subpopulations 1 and 3 and the growth rate r of subpopulation 2 were higher than those for the "true" population when the migration was not considered (Table 3 ). The value of growth rate r of each subpopulation estimated in this study was common in family Sciaenidae (http://www.fishbase.org/ Nomenclature/NominalSpeciesList.cfm?family=Sciaenidae), suggesting that the simulated population is biologically reasonable.
Boxplots of stock biomass and annual catch are presented for each simulated scenario (Figs. 5-13 ). The box depicts the interquartile range; the horizontal line through the box represents the median score; and the whiskers represent 95% confidence intervals.
For the control cases without uncertainty (i.e., Scenarios 1 and 2; Table 2), all subpopulations had stable stock biomass over the simulation time period (Fig. 5) . The annual biomass was kept above the mean value of the biomass management target, and the annual yields of each subpopulation were stable (Fig. 5 ). For Scenarios 3 and 4 considering the uncertainty of parameter estimates, over-exploitation of the subpopulations occurred in some of the simulation runs, indicating the possibility that over-exploitation existed (Fig. 6) , although the annual yield was stable for each subpopulation. The median values of population biomass were higher than the management target for Scenario 3, but lower than the Table 3 . The average population parameters and biomass management targets estimated for the three spatial options considered in the management. 
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Note: q is the exchange rate shown in Table 1. management target for subpopulation 2 in Scenario 4 (Fig. 6 ). For Scenario 5, which ignored the migration among subpopulations, over-exploitation was detected for all the three subpopulations (Fig. 6) . The biomasses of subpopulations 2 and 3 were depleted, respectively, in the fourth and sixth years (Fig. 6) . The yield of the two subpopulations continuously declined. Under a constant catch management regime, the biomass of subpopulation 1 declined substantially, leading to high probability of over-exploitation (Fig. 6 ). For Scenario 6, which ignored all of the spatial information of the metapopulation, the stock biomasses of all the three subpopulations were severely depleted early in the simulation and maintained very low levels of biomass (Fig. 6) . The annual yields fluctuated greatly among years for all the subpopulations (Fig. 6) .
For Scenarios 7, 8, and 9, 5% of CV was employed to simulate low uncertainty. The biomass under the metapopulation management option (Scenario 7; Fig. 7 ) remained stable and was close to the target. Under the independent population management option (Scenario 8; Fig. 7) , the stock biomass of subpopulations 2 and 3 was stable at the level slightly lower than the management target. The stock biomass of all subpopulations under the unit population management option (Scenario 9; Fig. 7 ) was severely depleted early in the simulation. In contrast, for Scenarios 10, 11, and 12, 20% of CV was employed to simulate high uncertainty. Large variability could be seen in the simulation results, but the median catch and biomass values were similar to those for scenarios having 5% of CV, except the independent population management option, which maintained a stock biomass lower than that for the scenario with 5% of CV (Fig. 8) .
For Scenarios 13 to 18, low and high exchange rates were employed. Half of exchange rate values shown in Table 2 were used in Scenarios 13, 14, and 15 (Fig. 9) . Stock biomasses and catches under the single population management option were similar with the values under the metapopulation management scenarios, but severe depletion was still observed for the unit population management option. Table 2 (metapopulation management at MSY without uncertainties). The mean values of biomass management targets in the 1000 simulation runs are shown by horizontal dotted lines.
In contrast, for Scenarios 16, 17, and 18, 1.5 times the exchange rate value shown in Table 3 were used. Biomasses under the single population management option (Scenario 17) were over-exploited to a level much lower than those for the metapopulation management option (Scenario 16). The subpopulations under the unit population management option (Scenario 18) declined moderately, though over-exploitation was observed (Fig. 10) .
For Scenarios 20 and 21, which used f 0.1 instead of MSY to determine TAC, the annual stock biomass levels were higher and more stable than those for Scenarios 5 and 6 (Fig. 11) . For Scenario 20, only light over-exploitation was detected, and both stock biomasses and yields were stable (Fig. 11) . For Scenario 21 (Table 2) , although a severe depletion happened in the beginning of the simulation, the stock biomass recovered and remained low but stable in the next several years (Fig. 11) .
For Scenarios 22 to 27, different catch levels were assumed in management. For Scenarios 22, 23, and 24, TAC was set at 50% of MSY (Fig. 12) . Stock biomasses were higher than the management target for all of the three scenarios (Fig. 12) . For Scenarios 25, 26, and 27, TAC was set at 1.5 times of MSY (Fig. 13) . Over-exploitation was detected for all of the three management scenarios. The stock biomasses were reduced, but maintained at a low level for Scenarios 25 and 26, but all the three subpopulations were close to extinction for Scenario 27, which ignored the population spatial structure (Fig. 13) .
Discussion
Mixing among the subpopulations of a metapopulation, resulting from dispersal and migrations (Hansson 1991) , has profound consequences to the persistence of populations, the distribution and abundance of species, and community structure (Dieckmann at el. 1999) , and subsequently to fisheries assessment and management. Curtis and Naujokaitis-Lewis (2008) suggested that the dynamics of a metapopulation could be influenced by dispersal rates among populations. Failure to recognize complex population structure in management may lead to erosion of local subunits with unknown ecological consequences (Stephenson 1999 ). This study suggests that managing a metapopulation as several independent populations could lead to reduced stock biomass and high probability of over-exploitation. Ignorance of the exchange among the subpopulations might be responsible for the biases in estimating population parameters and subsequent determination of harvest level.
Age at sexual maturity becomes younger and the number of age groups is reduced as a result of over-exploitation for small yellow croakers (Lin 2009 ). The dominant age groups were 3-6 years old in 1963, 1-2 years in 1983, and 0-1 year in 2001; and the 0-1 age group consisted of 98.8% of the total population in 2001 (Lin 2009) . From the 1990s, the spawning stock of small yellow croakers was mainly composed of the young of the year (Lin 2009 ). Recently, small yellow croaker was considered as a short-lived and fastgrowing species. For such a stock with simple age structure, a production model is a good candidate for quantifying its population dynamics. Use of production model also does not require information such as recruitment, natural mortality, and selectivity, which is often not available. Thus we used surplus production model in this study.
This study shows that managing a metapopulation as a unit population could lead to local depletion. Botsford et al. (2009) suggested that the movement of fishermen had a significant effect on the dynamics of exploited, spatially structured marine populations. This study suggests that the depletion might be caused by the fishing fleet concentrating in areas of higher abundance.
For a metapopulation, two MSYs could be estimated: one estimated based on B MSY and the other estimated by setting the slope of the equilibrium catch-effort curve equal to 0 (i.e., maximum rate). The catch level at B MSY tended to be lower than the catch level at the maximum rate. Thus, the catch level at B MSY tends to be a more conservative management reference point.
The quality of fisheries data has great impacts on the quality of stock assessment (Chen 2003) . This study shows that uncertainties in estimating population parameters in metapopulation fisheries management can affect the management of a metapopulation. Over-exploitation of subpopulations occurred in some simulation runs for the scenarios with uncertainty, even when the spatial structure was correctly defined in the assessment. For the scenarios with lower levels of uncertainty, the variability was smaller and the stock biomass under the independent population option was stable at a higher biomass than that under the scenario with a higher uncertainty level. This suggests that reducing uncertainty associated with key population parameters such as K and r in stock assessment is important in metapopulation fisheries management.
The management of metapopulations is considered to be sensitive to the exchange rate (Curtis and Naujokaitis-Lewis 2008) . In general, we expect that a high level of exchange among subpopulations makes the population similar to a unit population; but a low level of exchange makes the population similar to several independent populations. The results of this study are consistent with such an expectation. For the scenarios with low exchange rates, the independent population management option seemed to perform well; but for the scenarios with high exchange rates, the metapopulation managed under the unit population assumption performed better than it did with lower exchange rates. The sensitivity of the results to the exchange rates indicates the importance of knowing movement information for the assessment and management of a metapopulation.
We compared differences in management using f 0.1 and MSY-based reference points. We found that the annual stock biomass levels with f 0.1 as the management target were higher and more stable for the same spatial structure scenarios assumed in the management than those with the MSY as the management target. Therefore, exploitation based on MSY is risk-prone because the ability of the population to recover from exploitation might be impaired in the presence of uncertainties. Use of f 0.1 as management target is more desirable. The f 0.1 is often considered as a more conservative biological reference point (Chen and Montgomery 1999) . Chen and Montgomery (1999) proposed to use f 0.1 as a biological reference point in a surplus production model and suggested it is more robust than the F MSY regarding uncertainty.
For the scenarios with TAC being set at 1.5 times MSY, the high catch level led to high risks of over-exploitation in all the three management options. However, TAC of 50% MSY led to no over-exploitation being found in all management options, and stock biomass remained stable in the unit population option. Clearly reducing catch level can reduce the risks of over-exploitation in the management of metapopulations even though spatial structure of the population is wrongly assumed in the assessment and management.
Several studies suggest dangers of ignoring the spatial structure of fish populations in fisheries assessment and management (e.g., Hutchings 1996 Hutchings , 2000 Frank and Brickman 2000) . Frank and Brickman (2000) developed a model based on the stock-recruitment (S-R) relationship with the Allee effect and suggested that biological reference points developed from the models ignoring multiple subpopulations and used in conventional fisheries assessment are likely to be inaccurate and possibly nonconservative. Hutchings (1996 Hutchings ( , 2000 shows the importance of subpopulation structure in the management of Atlantic cod (Gadus morhua) fisheries in Canada. Numerous studies suggested that ignorance of spatial structure in cod fisheries management might be responsible for the collapse of the cod populations (e.g., Hutchings 1996 Hutchings , 2000 Frank and Brickman 2000) . Decrease in the Atlantic herring (Clupea harengus) population was also thought to be caused by failure to recognize the complex spatial structure (Stephenson 1999) . The crustacean fisheries of Alaska (e.g., red king crab, Paralithodes camtschaticus) provide notable examples of fishery collapses (Wooster 1992) , and ignorance of spatial structure in the management was considered one of the major reasons for the collapse (Orensanz et al. 1998) . While the small yellow croaker is a shortlived and fast-growing species, the Atlantic cod and red king crab are considered long-lived species. Although different in their life history, the role of spatial structure and consequence of ignoring of population spatial structure in the management might be the same as long as they have metapopulation structure. Previous studies suggest the importance of spatial structure for long-lived species (e.g., Atlantic cod and red king crab), but limited work was done for short-lived species, which might be less likely to be affected by their spatial structure because of their high growth rates and small num- Table 2 (managements with catch level at MSY for three spatial options). Scenario 3 (a) used the catch at BMSY as MSY, and Scenario 4 (b) used the catch at equilibrium point at slope equal to 0. The biomass management targets of the "true" population are shown by horizontal dotted lines. ber of age classes. Thus, this study complements the studies done previously for long-lived species.
Many short-lived species were considered to exhibit large variability in recruitment (e.g., Milton et al. 1996; Dichmont et al. 2006) . As a short-lived species, the small yellow croaker also exhibit high variability in recruitment. Further, recent research observed an increasing trend in the recruitment rate of small yellow croaker (Lin 2009 ). However, in the simulation of this study, we did not explicitly incorporate temporal variability in recruitment because the surplus production model only considers intrinsic population growth, which combines recruitment, somatic growth, and natural mortality. The intrinsic growth, which includes recruitment, is dependent and varies with stock biomass. Thus, although we did not explicitly consider recruitment dynamics, we did implicitly consider temporal variability in recruitment.
The fishery was simulated based on the life history traits of small yellow croaker that spawn pelagic eggs in spring in the coastal area. However, recent studies showed that the spawning grounds of small yellow croaker had expanded offshore (Lin et al. 2008 ). Changing of spawning grounds might influence the migration routes and relative strength of three subpopulations. Its management implications thus need to be evaluated. The monitoring of the spatial distribution and movement of the population of small yellow croaker should be continued.
The assumptions used in this study are typical, and some values (e.g., exchange rates among the subpopulations) used were determined somewhat arbitrarily. The impacts of the assumptions and choices of the population parameters may influence the dynamics of fisheries population and should be evaluated more carefully. The harvest control rules considered in this study were limited. More harvest control rules and other management strategies such as marine reserves can be considered in management of metapopulations.
In summary, this study suggests that ignoring spatial structures in fisheries assessment and management may result in (i) biases in estimating population parameters; (ii) biases in estimating stock status; (iii) developing inappropriate management targets; (iv) recommending inappropriate harvest levels; and (v) depleting local populations. All of these might lead to higher risks of depleting fisheries populations. Thus, Table 2 (with 5% CV of uncertainties for the three spatial options). The biomass management targets of the "true" population are shown by horizontal dotted lines. Fig. 8 . Boxplots of stock biomass at the beginning of years and annual catch for Scenarios 10 (a), 11 (b), and 12 (c) defined in Table 2 (with 20% CV of uncertainties for the three spatial options). The biomass management targets of the "true" population are shown by horizontal dotted lines. Fig. 9 . Boxplots of annual biomass at the beginning of years and annual catch for Scenarios 13 (a), 14 (b), and 15 (c) defined in Table 2 (with 0.5 times the exchange rates for the three spatial options). The biomass management targets of the "true" population are shown by horizontal dotted lines. Fig. 10 . Boxplots of stock biomass at the beginning of the years and annual catch for Scenarios 16 (a), 17 (b), and 18 (c) defined in Table 2 (with 1.5 times the exchange rates for the three spatial options). The biomass management targets of the "true" population are shown by horizontal dotted lines. Table 1 (scenarios under f0.1 management for the three spatial options). The biomass management targets of the "true" population are shown by horizontal dotted lines. Fig. 12 . Boxplots of stock biomass at the beginning of the years and annual catch for Scenarios 22 (a), 23 (b), and 24 (c) defined in Table 2 (scenarios with catch level at 0.5MSY for the three spatial options). The biomass management targets of the "true" population are shown by horizontal dotted lines. Fig. 13 . Boxplots of stock biomass at the beginning of the years and annual catch Scenarios 25 (a), 26 (b), and 27 (c) defined in Table 2 (scenarios with catch level at 1.5MSY for the three spatial options). The biomass management targets of the "true" population are shown by horizontal dotted lines. a delineation of the population spatial structure and interactions among the subpopulations is critical in developing a sustainable fishery.
